By marker rescue with cloned herpes simplex virus 2 DNA fragments, we have mapped the temperature-sensitive mutations of a series of herpes simplex virus 2 mutants to a region of the herpes simplex virus 2 genome that lies within or near the coding sequences for the major DNA-binding protein, ICP8. In cells infected with certain of these mutants at the nonpermissive temperature, the association of the major DNA-binding protein with the cell nucleus was defective. In these cells, the DNA-binding protein accumulated in the cytoplasmic and the crude nuclear detergent wash fractions. At the permissive temperature, the maturation of the mutant ICP8 was similar to that of the wild-type viral protein. With the remainder of the mutants, the nuclear maturation of ICP8 was similar to that encoded by the wild-type virus at the nonpermissive and permissive temperatures as assayed by cell fractionation.
Herpes simplex virus (HSV) encodes a major DNA-binding protein as a beta or delayed early viral gene product (1, 12, 13, 23, 24, 29) . This protein has been named ICP8 (29) , VP130 (1), and ICSP 11/12 (24) . The gene encoding this protein has been mapped at positions 0.38 to 0.41 of the viral genome by analysis of intertypic recombinants (4, 18, 20) , hybrid selection and in vitro translation of mRNA (4) , and analysis of defective viruses (10) . The major DNA-binding proteins encoded by both HSV type 1 and HSV type 2 (HSV-1, HSV-2) bind more tightly to denatured DNA than to native DNA (15, 23) . Also, the protein encoded by HSV-1 or HSV-2 can denature polydeoxyadenylic acid-polydeoxythymidylic acid, thereby showing DNAmelting activity (22) .
The protein is transported into the cell nucleus (9, 21) through a series of stages and eventually binds to viral DNA in the infected cell (17) .
Initially after synthesis the protein is found in the cytoplasm, but it quickly associates with the crude nuclear fraction. Detergent treatment of the crude nuclear fraction will initially release the DNA-binding protein, but later the association becomes detergent resistant. At later times, the protein can be released from the nuclei with DNase I. The conversion to the DNase-sensitive form does not occur when viral DNA replication is blocked. Thus, the final stage of maturation appears to involve binding to replicating viral DNA.
We mapped a temperature-sensitive (ts) mutation of HSV-1, tsHAl, within or near the gene encoding ICP8 (4). Powell et al. (22) reported that the major DNA-binding protein is defective for the associated DNA-melting activity when it is purified from cells infected with the HSV-2 mutant 186tsH9. Also, the cellular distribution of the DNA-binding protein detected by immunofluorescence may be altered in cells infected with this mutant (22) . Thus, these mutants represent the best candidates for mutants defective in the major DNA-binding protein.
In this report, we describe experiments in which we have physically mapped the ts mutations of a series of HSV-2 ts mutants to the region of the genome encoding the DNA-binding protein. We also show that the association of ICP8 with the nucleus is defective for certain of these mutants.
MATERIALS AND METHODS
Cells and viruses. Vero cell monolayer cultures were used for the preparation and titration of virus stocks and for labeling infected cell proteins as described previously (17) . Rabbit skin cells (16) were used for transfections. The origins of the HSV-2 virus strains were: 186 (25); 186tsB5 and 186tsAl (8) (28) . Seed stocks of these viruses were provided by Priscilla Schaffer, Harvard Medical School. Before use, the 186ts+ strain of HSV-2 was plaque purified to give a uniform nonsyncytial population. The new clonal derivative was designated HSV-2 186syn+-1.
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Molecular cloning of viral DNA. HSV-2 strain 186syn+-1 DNA was purified from infected cells by Nal equilibrium density gradient centrifugation (16 Fractionation of infected cels. Infected cells were labeled and fractionated as described previously (17) . Briefly, infected cells were broken by Dounce homogenization. The crude nuclear pellet was collected by centrifugation; the supernatant represented the cytoplasmic fraction. The crude nuclear pellet was treated with a solution containing 1% Triton X-100-0.5% deoxycholate. After further centrifugation, the pellet represented the nuclear fraction, and the supernatant represented the crude nuclear detergent wash fraction. Proteins were recovered from the supernatants by acetone precipitation. Proteins from all fractions were analyzed on 9.25% polyacrylamide gels as described (17) .
RESULTS
Molecular cloning of HSV-2 DNA fragments.
To obtain a series of plasmids containing HSV-2 DNA inserts, we cleaved plasmid pBR322 DNA with both EcoRI and HindIlI and religated the plasmid DNA with a large molar excess of HSV-2 strain 186 DNA previously cleaved with EcoRI and HindIII (Fig. 1) Fig. 2A ). Further passage of the cells caused a decrease in the amount of the insert comigrating with the authentic HSV fragment (data not shown), and thus, the smaller fragments appeared to be from plasmids deleted in the HSV DNA insert. Others have also identified deletions in cloned HSV-2 DNA fragments originating near map position 0.40 (G. Hayward, personal communication).
We also cloned portions of the HSV-2 genome by using other (22) . This mutant fails to complement mutants in the 2-2 and 2-7 complementation groups (7, 26) . We therefore attempted to map the lesions in the mutants of these groups. We used the plasmid DNAs containing HSV-2 ts+ DNA inserts for marker rescue by the cotransfection protocol (16) .
We found that transfection of HSV-2 mutant DNAs at the permissive temperature, 34°C, led to reiatively low titers of virus and ts+ recombinants. To determine the most efficient conditions for rescue of HSV-2 ts mutants, we incubated a set of transfected cultures at different temperatures (Table 2) . Marker rescue was more efficient and resulted in higher titers of ts+ recombinants when the transfected cultures were incubated at higher temperatures such as 37 or 38'C. For this reason, most of our transfections were performed at 37'C. This temperature is permissive for some ts mutants and nonpermissive for others.
We have not successfully mapped the tsH9 mutation because viral DNA purified from cells infected with the mutant tsH9 had little or no infectivity by transfection. In fact, the addition of tsH9 DNA to a transfection mixture containing infectious HSV-2 ts+ DNA caused a decrease in the infectivity of the ts+ DNA (data not shown). Viral DNA from cells infected with strain UW268ts19 showed infectivity but could not be rescued by the addition of ts+ DNA fragments.
We mapped the ts mutation in strain 186tsAl by marker rescue. The mutant was converted to Ts' by cotransfection of mutant DNA with plasmid pEH60 DNA containing the HSV-2 DNA sequences from 0.31 to 0.40 map units ( Table 3 ). The mutation was further mapped by the use of the Sall subclones of the pEH60 plasmid. Only the pSB plasmid (0.356 to 0.381 map units) rescued the tsA1 mutant (Table 3) . Similarly, the pEH60 plasmid rescued the mutant strains 186ts178 and 186ts39 (Table 4 ). The pSB plasmid rescued both mutants ts178 and ts39 (Table 4 ). The mutations have been placed in the order ts39-ts178-tsAl by two-factor genetic crosses (7). These mutations lie within map coordinates 0.356 to 0.381 (Table 1) .
The HSV-2 IPB2tsl mutant was rescued by the pEH60 plasmid (Table 3) . However, we did observe in one experiment a much less efficient rescue by the pEH51 plasmid, which yielded very small plaques at the nonpermissive temperature (data not shown). This appeared to be due to selection of a partial revertant. Thus, the lesion in tsl maps between 0.31 and 0.40 map units. The tsl mutant was also rescued by plasmid pSC (0.386 to 0.40 map units), so this mutation maps to the right of the others described above.
Marker rescue of strain 186tsB5. The mutant 186tsB5 is in complementation group 2-3 (26), the same group as strain HG52ts6, which contains a mutation defined as encoding a thermolabile DNA polymerase (11) and mapping at positions 0.4 to 0.41 map units (2) . To relate the map positions of the polymerase gene in HSV-2 to those of the mutations described above, we HG52ts6 (2) shows an overlap between the map mapped tsB5 by marker rescue. The tsB5 mu-positions of these two mutations. Thus, the map tant was rescued only by transfection with plas-positions of these putative polymerase mutamid pEH51 DNA (0.40 to 0.42 map units; Table tions agree, and the physical mapping of the 5). Comparison of the restriction endonuclease entire group of mutations approximates the gecleavage sites bounding the pEH51 insert with netic mapping of the mutations in having the the map position of the sequences rescuing order (ts39, ts178, tsAl)-tsl-tsB5. Nuclear association of ICP8 in cells infected with mutant viruses. As the first step in the phenotypic characterization of these mutants, we examined the nuclear accumulation of ICP8 in cells infected with the mutant viruses. We used a cell fractionation protocol described previously (17) and above. We examined nuclear The ICP8 encoded by mutants tsAl, ts178, and ts39 accumulated in the nuclear fraction at 33 or 39°C at approximately the same levels as in cells infected with ts+ virus (Fig. 3) . Thus, the maturation appeared to be normal for the ICP8 protein encoded by these mutants.
In contrast, in cells infected with strain tsH9 at 39°C, very low levels of nuclear associated ICP8 were observed (Fig. 4) . ICP8 was largely observed in the cytoplasmic and nuclear detergent wash fractions (Fig. 4) . By microdensitometry and planimetry, we determined the amount of ICP8 in each subcellular fraction. The percentages of the total ICP8 at 39°C were as follows. ts+: Nuclear, 55%; cytoplasmic, 19%; Nuclear localization of ICP8 encoded by strain tsH9. Cells infected with strain 186syn+-1 or tsH9 at 33 or 390C were labeled and fractionated as described in the legend to Fig. 3 . Shown is the autoradiogram of the gel in which the various fractions were subjected to electrophoresis. Abbreviations are explained in the legend to Fig. 3. detergent wash, 23%. tsH9: Nuclear, 20%; cytoplasmic, 50%; detergent wash, 20%. At 330C the maturation of the tsH9 ICP8 to the nuclear fraction was slightly less than that of the wildtype protein but appeared to be nearly normal. The distribution of ICP8 at 33°C was as follows. ts+: Nuclear, 61%; cytoplasmic, 25%; detergent wash, 15%. tsH9: Nuclear, 44%; cytoplasmic, 28%; detergent wash, 28%.
To examine the kinetics of the maturation of the tsH9 ICP8 protein at 390C, we fractionated cells at various times during a chase period (Fig.  5) . After a 15-min chase period, we observed some of the wild-type viral ICP8 already associated with the nuclear fraction. During the chase period, the amount in the cytoplasmic fraction declined, the amount in the detergent wash fraction increased transiently, and ICP8 then accumulated in the nuclear fraction. This pattern is very similar to that previously described for HSV-1 ICP8 (17), the differences possibly being attributable to the longer labeling period used mutants yielded cell nuclei with irregular edges as shown by phase microscopy (data not shown). This suggested that these nuclei had cytoplasmic fragments still attached to them. In contrast, the nuclei of cells infected with wildtype virus showed a smooth spherical structure after detergent treatment. Therefore, the structure or fractionation of these mutant-infected cells appeared to be abnormal at 5 to 6 h postinfection. However, the structure of the nuclei from mutant-infected cells at 2 to 3 h postinfection appeared similar to that of nuclei from cells infected with wild-type virus (data not shown). We therefore labeled cells infected with wild-type and tsl mutant virus at 1.5 h postinfection and chased for 1 h. Under these conditions, we observed comparable patterns of viral protein bands in the subcellular fractions of cells infected with wild-type and with tsl viruses, except that the tsl ICP8 did not accumulate in the nuclei (Fig. 6B and C) . Instead, it was found in the cytoplasmic and crude nuclear detergent wash fractions. These results suggest that the tsl ICP8 protein accumulated in the nonnuclear fractions and that this localization or some other factor led to abnormal fractionation of cells at later times postinfection. Upon fractionation of cells infected at 33°C, we observed similar protein patterns in cell fractions from cells infected with ts+ or tsl virus ( Fig. 6D and E (4) . We have also shown that the nuclear localization of ICP8 is defective in cells infected with three of these mutants at the nonpermissive temperature. Powell et al. (22) have shown that the cellular distribution of the DNA-binding protein is altered and that DNA-melting activity of the DNA-binding protein is defective with one of these mutants, tsH9. Thus, the simplest interpretation is that some or all of these mutants encode a defective DNA-binding protein.
Physical mapping of mutations. Dixon et al. (7) have recently shown that the mutants in complementation groups 2-2 and 2-7 fail to complement and show a complex pattern of overlapping complementation with a series of other mutants. By two-factor genetic crosses they have ordered the mutations into a linear array: tsB5-group 1 (tsH9, tsl, tsl9, ts42082)-group 2 (tsAl, tsA8)-group 3 (ts178, ts201)-group 4 (ts39). We have mapped mutations from groups 2 (tsA1), 3 (ts178), and 4 (ts39) to sequences within a cloned DNA fragment of molecular weight 2.6 x 106 (plasmid pSB; 0.356 to 0.381 map units). We rescued the tsl mutation (group 1) with a cloned fragment arising from 0.381 to 0.40 map units and the tsB5 mutation with a cloned DNA fragment from 0.40 to 0.42 map units. Thus, our physical mapping has yielded the order (ts39, ts178, tsAl)-tsl-tsB5 from left to right on the prototype form of the genomic DNA (Fig. 1) . This is consistent with the order of the genetic map from right to left as described above.
Defects in nuclear localization of ICP8. Three of the mutants in the group 1 cluster were shown to have a defect in the maturation of ICP8 to the cell nucleus at the nonpermissive temperature. Because the tsl mutation maps to a position close to or within the ICP8 coding sequences, it seems likely that this phenotype is due to a defect in the ICP8 molecule itself. We have been unable to map the tsH9 or tsl9 mutations physically; however, two-factor crosses have shown that these mutations map close to the tsl mutation (7) . Thus, these also appear to have defects in the ICP8 molecule. This analysis suggests that there may be at least two clusters of mutations which define different mutant phenotypes associated with ICP8. Three of the group 1 mutants show a defect in ICP8 localization, whereas those in group 2 show no defect in ICP8 localization as determined by cell fractionation. We have similar results with HSV-1 ts mutants of complementation group 1-1 in that some show defects in transport but others do not. Some of the mutants which are not defective for nuclear association exhibit a defect in the function of ICP8 in the cell nucleus (C. Lee and D. Knipe, manuscript in preparation). Thus, mutants which are defective in ICP8 function may show different phenotypes or defects in different stages of nuclear localization.
We have previously reported the pathway for maturation of the HSV-1 ICP8 molecule as cytoplasm -* crude nuclear detergent wash -+ nucleus (17) . A similar result was observed for the maturation of the HSV-2 ts+ ICP8 protein. However, this pathway has been altered in cells infected with strain tsH9. In these mutant-infected cells, the chase of ICP8 from the cytoplasmic fraction is slow and incomplete, and the transition from the detergent wash fraction to the nuclear fraction is almost nonexistent. Thus, ICP8 may be almost totally extranuclear in cells infected with strain tsH9 at 39°C. These kinetic studies with tsH9-infected cells support the pathway previously reported (17) with a block in nuclear localization. These results are consistent with those of Powell et al. (22) , who observed cytoplasmic fluorescence of ICP8 in these mutant-infected cells at 39°C.
Abnormal fractionation of cells infected with mutant tsl. Subcellular fractions derived from cells infected at 39°C with strain tsl or tsl9 exhibited abnormal distributions of viral proteins from cells fractionated at later times (5 to 6 h) postinfection. Many proteins not usually associated with the nuclear fraction of cells infected with wild-type virus were found in the nuclear fraction of the mutant-infected cells. This was observed only at the nonpermissive temperature and thus appeared to be related to the ts lesions. Analysis of ts+ revertants is needed to confirm this correlation. However, at early times of infection, the mutant-infected cells fractionated similarly to cells infected with wild-type virus, except that the mutant ICP8 was not localized to the cell nucleus. In the mutant-infected cells at the nonpermissive temperature, nuclear localization of ICP8 appears to be defective, and there is a progressive change in the structure of the mutant-infected cells which alters their fractionation. Further work is in progress to examine the location of ICP8 in these mutant-infected cells at 39°C. Other experiments have shown that the HSV-1 ICP8 is extracted with the detergent-insoluble cellular framework (M. Quinlan and D. Knipe, manuscript in preparation). Thus, it is possible that the tsl or tsl9 ICP8 molecule may accumulate on the cytoplasmic framework in a soluble or insoluble form and alter the way infected cells fractionate into nucleus and cytoplasm. Immunofluorescence studies of the cellular location of the ICP8 coded by mutants tsH9, tsl, and tsl9 should allow us to define further the cytoplasmic maturation sites for ICP8 within the infected cell.
